Abstract. SKOV3/DDP human ovarian cancer cells have been shown to be resistant to cisplatin. Although the BH3 mimetic S1 induces cell death in several types of tumor cells, it is unclear whether it induces death in drug-resistant cells. Herein, we found that S1 induced endoplasmic reticulum (ER) stress-associated apoptosis in both SKOV3 and SKOV3/DDP cells. S1 activated autophagy at early time points in SKOV3/ DDP cells, and inhibition of autophagy increased ER stressassociated apoptosis. Collectively, our data indicate that autophagy plays a protective role, but it cannot protect against S1-induced cell death in cisplatin-resistant SKOV3/DDP cells.
Introduction
Currently, resistance to chemotherapy is a major issue in the clinical treatment of tumors. The mechanism of tumor resistance to chemotherapy is extremely complex, and high expression of anti-apoptotic protein Bcl-2 is considered to be a major reason why tumor cells escape from apoptosis (1) (2) (3) . Bcl-2-specific inhibitors can increase the sensitivity of tumor cells to chemotherapeutics (4) (5) (6) (7) . Therefore, exploring the activity and mechanism of Bcl-2 inhibitors can provide new insights into the treatment of tumors, including drug-resistant tumors.
Bcl-2 is involved in not only the mitochondrial apoptotic pathway, but also in autophagy and endoplasmic reticulum (ER) stress. During tunicamycin-and thapsigargin-induced ER stress, Bcl-2 was found to mediate the stability of the ER membrane and to be involved in ER stress-mediated apoptosis (8, 9) . HA14-1, a Bcl-2 inhibitor, significantly increased proteasome inhibitor bortezomib-induced cell death by increasing JNK-and caspase-4-mediated ER stress-induced apoptosis (10) . In addition, Bcl-2, which is located at the ER, binds to Beclin-1 containing a BH3 region, thereby inhibiting Beclin-1-dependent autophagy (11) (12) (13) . A natural BH3 mimetic was found to release Beclin-1 and then induce autophagy through inhibition of Bcl-2 or Bcl-XL expression (14) . Although ER stress and autophagy are two independent response mechanisms in cells, there is an important link between them. Inhibition of autophagy can enhance chemotherapeutic effects by upregulating ER stress-mediated apoptosis (15, 16) . S1, a Bcl-2-specific inhibitor, is a BH3-only protein mimetic (17) . S1 has been proven to induce apoptosis of liver cancer cells and breast cancer cells via the mitochondrial pathway by interfering with the interactions between Bcl-2/Bax and Mcl-1/Bak, and thus exhibits antitumor activity (18, 19) . Moreover, S1 was shown to induce autophagy and ER stress in human glioma cells (20) .
In the present study, S1 was found to inhibit the survival of SKOV3 ovarian cancer cells and their related cisplatinresistant SKOV-3/DDP cells, and a significantly higher level of autophagy was detected in S1-treated SKOV3/DDP cells compared with SKOV3 cells. We also observed that activation of autophagy delayed S1-mediated apoptosis in SKOV3/DDP cells at early time points. In addition, we found that although S1 activated autophagy, it induced apoptosis in drug-resistant tumor cells via the ER stress-mediated caspase-4 pathway. Therefore, Bcl-2 family protein targeted therapy is a promising therapeutic strategy for the treatment of human ovarian cancer. Cell viability assays. SKOV3 and SKOV3/DDP cells were plated in 96-multi-well plates at 1x10 4 cells/well 24 h before treatment. The cells were then treated with increasing concentrations of S1 for 12 or 24 h, or with 10 µM S1 for different time periods. Each treatment was repeated in three wells. The cell viability was assessed using the MTT colorimetric assay. Briefly, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (10 µl; 5 mg/ml in PBS; Sigma-Aldrich) was added and incubated for 4 h. Subsequently, 150 µl of dimethyl sulfoxide was added to dissolve the formazan crystals. After shaking for 10 min, the absorbance values were measured at a wavelength of 570 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Materials and methods

Cell
Western blot analysis. Whole-cell proteins were extracted from the human ovarian cancer cells using RIPA buffer. After two sonications for 10 sec each on ice, the cells were lysed at 4˚C for 45 min. The cell lysates were centrifuged at 3,000 x g for 15 min, and the protein concentrations were determined using a protein assay kit (Bio-Rad Laboratories Hercules, CA, USA). For western blot analysis, equivalent amounts of proteins (30-90 µg) were separated by 12% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (Whatman, Maidstone, UK). The membranes were blocked with 5% non-fat dry milk in buffer (10 mM Tris-HCl pH 7.6, 100 mM NaCl and 0.1% Tween-20) for 1 h at room temperature and then incubated with the relevant primary antibody overnight at 4˚C. The anti-PDI, anti-Beclin-1, anti-GRP78, anti-caspase-4, anti-JNK and antip-JNK antibodies (all used at a 1:200 dilution) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The anti-β-actin antibody (1:1,000 dilution) was obtained from Epitomics Inc. (Burlingame, CA, USA). The anti-LC3 antibody (1:500 dilution) was obtained from Abcam Hong Kong Ltd. (Hong Kong, China). On the following day, the membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (Thermo Fisher Scientific, Waltham, MA, USA) at a 1:2,000 dilution for 1 h at room temperature. The immunoreactive bands were visualized by a diaminobenzidine (Sigma) coloration method. The reactive bands were measured with a Tanon GIS gel imager system, and the protein levels were quantified by densitometry using Quantity One software (Bio-Rad Laboratories).
Immunofluorescence staining and confocal laser microscopy. Cells were seeded onto coverslips in 24-well plates at a density of 5x10 4 cells/well 24 h before treatment. After exposure to 10 µM S1 for 0 or 24 h, the cells were fixed with 4% paraformaldehyde for 30 min, stained with the nuclear stain Hoechst 33342 (2 µg/ml; Sigma-Aldrich) for 2 min, washed with PBS, and examined using an FV1000 confocal laser microscope (Olympus, Tokyo, Japan) to reveal the chromatin condensation.
The expression levels of microtubule-associated protein light chain 3 (LC3) and protein disulfide isomerase (PDI) were examined by an indirect immunofluorescence method. Cells were cultured on coverslips overnight, treated with 10 µM S1 for different time periods, and fixed with 4% paraformaldehyde for 30 min. After permeabilization with 0.1% Triton X-100 for 5 min, the cells were blocked with bovine serum albumin for 30 min, and incubated with a primary antibody against LC3 or PDI (1:100 dilution) overnight at 4˚C. On the following day, the cells were incubated with FITC/Texas Red-conjugated secondary antibodies (1:400 dilution; Santa Cruz Biotechnology) for 1 h, stained with Hoechst 33342 (2 µg/ml) for 2 min, washed with PBS three times, and examined using the Olympus FV1000 confocal laser microscope.
Statistical analysis. The data are representative of three independent experiments performed as triplicate determinations. Statistical analyses of the data were performed by one-way ANOVA. The Tukey post-hoc test was used to determine the significance of all pairwise comparisons of interest. Values of P<0.05 were considered to indicate statistically significant differences.
Results
S1 inhibits the viability of SKOV3 and SKOV3/DDP cells.
We treated cisplatin-sensitive SKOV3 and cisplatin-resistant SKOV3/DDP cells with increasing doses of S1 for 12 or 24 h, and examined the growth inhibition using MTT assays. We found that S1 inhibited the viability of both cell lines (Fig. 1A  and B) . Based on the MTT assay results, we examined the apoptotic chromatin condensation by Hoechst 33342 staining and confocal microscopy. Compared with the control cells, S1 induced apoptotic chromatin in SKOV3 and SKOV3/DDP cells (Fig. 1C ). After treatment with 10 µM S1 for different time periods, it was interesting to note that SKOV3 cells were more sensitive to S1 than SKOV3/DDP cells at early time points (2 or 4 h) (Fig. 1D) , but in the end there was no difference in cell viability. These findings demonstrate that S1 has time-and dose-dependent effects on SKOV3 and SKOV3/DDP cells, and that SKOV3 cells are more sensitive at early time points.
S1 induces ER stress in SKOV3 and SKOV3/DDP cells.
To evaluate whether S1 induces ER stress, we examined the expression of PDI, an ER-specific protein that accumulates under ER stress (21) . Using confocal microscopy, we observed that PDI began to accumulate after 4 h in S1-treated SKOV3 cells, but only at 8 h in S1-treated SKOV3/DDP cells ( Fig. 2A) . By conducting western blot analysis, we found that the expression levels of PDI and Grp78, an ER chaperone protein (22) , were upregulated at 4, 8 and 12 h in SKOV3 cells, but at 8 and 12 h in SKOV3/DDP cells ( Fig. 2B and C) . To demonstrate that PDI accumulation was ER stress-dependent, we treated cells with tauroursodeoxycholic acid (TUDCA), a known inhibitor of ER stress (23, 24) . As shown in Fig. 2D , PDI accumulation was downregulated at 12 h in both cell lines treated with S1 plus TUDCA, compared with cells treated with S1 alone.
These findings indicate that the S1 induces ER stress in both SKOV3 and SKOV3/DDP cells.
S1-induced ER stress-associated apoptosis in SKOV3 and
SKOV3/DDP cells. To determine the relevance of ER stress to S1-induced apoptosis, we investigated whether ER-resident caspases are activated by S1. Caspase-4 is an ER-resident caspase, activated in response to ER stress and is required for ER stress-induced apoptosis (similar to caspase-12 in murine cells) (25) (26) (27) . As show in Fig. 3A and B, cleaved caspase-4 (Fig. 3A and B) . As shown in Fig. 3C and D, cleaved caspase-4 was downregulated in both cell lines treated with S1 plus TUDCA, compared with cells treated with S1 alone for 12 h, while p-JNK was downregulated only in the SKOV3/DDP cells. MTT assays indicated that TUDCA treatment attenuated the cytotoxic effects of S1 in both SKOV3 and SKOV3/DDP cells (Fig. 3E) .
These findings indicate that ER stress-associated apoptosis is involved in S1-induced apoptosis in both SKOV3 and SKOV3/DDP cells, and S1-induced ER stress is delayed in SKOV3/DDP cells.
S1 treatment activates autophagy in SKOV3/DDP cells.
Previous reports have suggested that autophagy can be induced by S1 (20) . Therefore, we used indirect fluorescence technology to detect the activation of autophagy. We observed significant puncta of LC3, a molecular marker of autophagy, in SKOV3/DDP cells following S1 treatment at 2, 4 and 8 h, but did not observe this effect in SKOV3 cells (Fig. 4A) . We detected the transformation of LC3-I to LC3-II and expression of Beclin-1 by western blot analysis. Similarly, the ratio of LC3-II/LC3-I and expression of Beclin-1 were increased in SKOV3/DDP cells at 2, 4 and 8 h, but were not increased in SKOV3 cells (Fig. 4B and C) .
We used the autophagy-specific inhibitor 3-methyladenine (3-MA) to inhibit the autophagy induced by S1 in SKOV3/DDP cells. Western blot analysis demonstrated that SKOV3/DDP cells treated with S1 plus 3-MA showed a low ratio of LC3-II/LC3-I and low expression of Beclin-1, compared with cells treated with S1 alone (Fig. 4D and E) . Using confocal microscopy, fewer LC3 puncta were observed in the cells after 4 h of treatment with S1 plus 3-MA (Fig. 4F ). These findings demonstrate that S1 activates autophagy in SKOV3/DDP cells at early time points, but there is no activation in SKOV3 cells. findings showed that S1 treatment induced both an ER stress response and autophagy. Moreover, these events occurred in a defined time sequence in SKOV3/DDP cells, since we detected autophagy at early time points (2 and 4 h) and ER stress-mediated apoptosis at later time points (8 and 12 h). We subsequently further investigated the relationship of autophagy and ER stress-associated apoptosis following S1 treatment in SKOV3/DDP cells.
Inhibition of autophagy increases S1-induced ER stress-associated apoptosis in SKOV3/DDP cells. The above-described
Using confocal microscopy and western blot analysis, we found that PDI was accumulated (Fig. 5A ) and the expression levels of PDI and Grp78 were enhanced (Fig. 5B and C) after treatment with S1 plus 3-MA in SKOV3/DDP cells. To further confirm the role of autophagy in ER stress-mediated apoptosis, we detected the expression levels of p-JNK and cleaved caspase-4 by western blot analysis. As shown in Fig. 5D and E, p-JNK and cleaved caspase-4 were upregulated in SKOV3/ DDP cells treated with S1 plus 3-MA, compared with cells treated with S1 alone for 4 h. MTT assays indicated that 3-MA treatment enhanced the cytotoxic effect of S1 at early time points (2 and 4 h), while a 12-h treatment with 3-MA combined with S1 had no significant toxic effect compared with S1 treatment alone (Fig. 5F ).
These findings demonstrate that S1 leads to autophagy activation that attenuates ER stress-mediated apoptosis in SKOV3/DDP cells, and that inhibition of autophagy increases S1-induced ER stress-associated apoptosis at early time points. In the end, the activation of autophagy did not protect SKOV3/ DDP cells from S1-induced cell death. Currently, the resistance of ovarian cancer cells to chemotherapeutic-induced apoptosis is a difficult issue that remains to be solved in the treatment of ovarian cancer (29, 30) . High Bcl-2 expression may be involved in the process of cancer cell resistance to chemotherapeutics (31) (32) (33) . Therefore, treatments targeting Bcl-2 in tumors have been given a high priority. In the present study, treatment with the small-molecule BH3-only protein mimetic S1 for 12 or 24 h killed both cisplatin-sensitive SKOV3 cells and cisplatin-resistant SKOV3/DDP cells, with no significant difference in the mortality of the cells following treatment for 12 or 24 h, indicating that S1 effectively inhibited the survival of cisplatin-resistant human ovarian cancer cells through inhibition of Bcl-2 expression.
Bcl-2 is a crossover point of multiple signaling pathways, as the Bcl-2-specific inhibitor, S1, induces not only apoptosis via the mitochondrial pathway (17, 19) , but also ER stress (20) . When cells receive low-level stimulation, the ER resists the stimulation by maintaining cell homeostasis (34) . When cells are severely damaged, ER stress initiates a cell death program via the JNK, caspase-4, and GADD153 signaling pathways (26, 35) . Our findings showed that S1 treatment induced elevated expression of PDI, Grp78 and caspase-4 in SKOV3 and SKOV3/DDP cells, suggesting that S1 may induce apoptosis of human ovarian cancer cells via the ER stress pathway. However, the apoptosis of SKOV3/DDP cells induced by ER stress occurred at a significantly later time point than that of SKOV3 cells. The ER stress-mediated apoptosis of SKOV3/DDP cells induced by S1 triggered JNK activation. After TUDCA-mediated inhibition of ER stress, JNK phosphorylation decreased, suggesting that S1 induced ER stress-associated apoptosis in SKOV3/DDP cells through activation of JNK and caspase-4. It was previously reported that JNK triggers apoptosis by mediating Bcl-2 phosphorylation (36) . However, our findings showed that the activation of the JNK signaling pathway was mediated by the S1-induced ER stress pathway.
Importantly, the present study revealed a significant difference in the survival rates of SKOV3 and SKOV3/DDP cells following S1 treatment for short periods (2 and 4 h). Further analyses showed different levels of autophagy activation in the two types of cells. Following S1 treatment for 2, 4 or 8 h, punctate aggregation of LC3 was observed, the ratio of LC3II/ LC3I was increased, and obvious autophagy was present in SKOV3/DDP cells, while no obvious punctate aggregation of LC3 was observed in SKOV3 cells. It was reported that autophagy activation mediates apoptosis in apoptosis-deficient cells, which is termed autophagic cell death (37, 38) . However, when cells with normal apoptosis receive a specific stimulation, activation of autophagy protects cells by inhibiting apoptosis (39) (40) (41) (42) (43) , and this protective autophagy is activated in a time-dependent manner (44) , suggesting that autophagy activation may be involved in the survival and death of SKOV3/ DDP cells. Combined treatment with 3-MA and S1 reduced cell survival compared with S1 treatment alone, demonstrating that autophagy activation facilitated drug-resistant cell resistance to drug stimulation.
Recently, the roles of ER stress and autophagy in cells and their interaction have become a hot topic of research. Our findings showed that S1 treatment induced autophagy activation and ER stress-associated apoptosis in SKOV3/DDP cells. To assess the effect of the autophagy caused by S1 treatment on ER stress-associated apoptosis, 3-MA was used to inhibit autophagy, and significantly enhanced caspase-4 activation and increased ER stress were observed. These observations indicate that S1 treatment-induced autophagy of SKOV3/DDP cells may be a resistant stress to the external environment. However, such protection by autophagy only functions within a short period. With prolonged ER stress, autophagy activation is attenuated, and its protection is diminished.
In summary, our findings showed that S1, an inhibitor of Bcl-2, effectively induced ER stress-associated apoptosis in both SKOV3 and SKOV3/DDP cells. Activation of autophagy within a short period provided protection for SKOV3/DDP cells and facilitated their resistance to stress. However, with prolongation of the S1 treatment, autophagy activation was attenuated and ER stress-mediated apoptosis played a leading role, effectively killing SKOV3/DDP cells. These results suggest that transient activation of autophagy is inadequate to resist S1-induced apoptosis, demonstrating that S1 inhibits the growth of human ovarian cancer SKVO3 and SKOV3/DDP cells, thereby effectively killing drug-resistant tumor cells.
